Citation: Heyne GW, Kiland JA, Kaufman PL, Gabelt BT. Effect of nitric oxide on anterior segment physiology in monkeys. Invest Ophthalmol Vis Sci. 2013;54:5103-5110. DOI: 10.1167/iovs.12-11491 PURPOSE. To determine the effect of the nitric oxide donor, sodium nitroprusside (SNP), and the nitric oxide synthase (NOS) inhibitor, L-nitro-arginine-methylester (L-NAME), on IOP, mean arterial pressure (MAP), pupil diameter (PD), refraction (Rfx), aqueous humor formation (AHF), and outflow facility (OF) in monkeys.
N itric oxide is synthesized in the eye from L-arginine by nitric oxide synthase (NOS), and activates cyclic guanosine monophosphate (cGMP) that results in mediation of relaxation responses in the trabecular meshwork and ciliary muscle 1,2 as well as in vascular smooth muscle cells in the aqueous drainage system. 3 NOS has been reported in ocular structures in the anterior segment of the primate eye as well as in layers of the retina and its circulation. Nitric oxide has the potential to be involved with both protective and damaging responses related to glaucoma. Therefore, selected inhibition or enhancement of nitric oxide synthesis in various parts of the eye could potentially be used for glaucoma therapy. 4 In human glaucoma eyes there are dramatic reductions in staining indicative of NOS activity in ciliary muscle, trabecular meshwork, and Schlemm's canal compared with control eyes 5, 6 that are unrelated to the use of multiple glaucoma therapies, or the severity of the disease. 5 NOS activity, equated with nicotinamide adenine dinucleotide phosphate (NADPH)-diaphorase staining, localizes strongly to the longitudinal as compared with the circular regions of the ciliary muscle in healthy human eyes. 6, 7 Regionalized staining is less apparent in monkey ciliary muscle. Only minor staining is detected in trabecular meshwork. Ciliary processes show staining associated with stroma and nonpigmented epithelial cells. 7 In vivo, there have been conflicting reports of the effect of the nitric oxide donors on IOP. [8] [9] [10] [11] [12] [13] [14] One study in rabbits reports that due to the role of nitric oxide in episcleral vasoregulation, topical treatment with a nitric oxide donor, such as sodium nitroprusside (SNP), should elicit vasodilation and increased episcleral venous pressure, and therefore would increase IOP so long as the other components of aqueous fluid dynamics are unchanged. 9 Indeed, in anesthetized rabbits, topical administration of the nitric oxide donor SNP increased IOP measured via direct cannulation without changing aqueous flow as measured by fluorophotometry. 9 This increase in IOP is consistent with what was found in other rabbit studies with or without anesthesia. 8, 11 However, a reduction in IOP as measured by pneumatonometry was demonstrated in conscious rabbits following topical treatment with SNP. 9 Similar conflicting results have been reported in monkeys 12, 13 and humans. 14 In cynomolgus monkeys, one study reports that nitrovasodilators (nitroglycerine or hydralazine) decrease IOP when compared with baseline measured on a different day. Outflow facility (OF) was also increased at specific concentrations. 12 Conversely, no reduction in IOP was found after topical nitroglycerin administration to healthy and glaucomatous monkeys when IOP was compared with baseline measured on the same day. 13 In humans, small increases in IOP were observed at two different doses of topical hydralazine. 8 Recently, a study has described a marginal decrease in IOP in transgenic mice that overexpress endothelial NOS in vivo. An increase in OF was reported in enucleated transgenic mouse eyes. L-nitro-arginine-methylester (L-NAME) administration effectively inhibited this effect such that there was no difference in the pressure-flow relationship from wild-type mice. 15 This study suggests that nitric oxide plays a role in mediating conventional, pressure-dependent OF via trabecular meshwork mechanosensitivity to maintain normal OF and IOP.
The goal of the current study was to conduct a more systematic study of the effects of nitric oxide elevation and suppression on ocular physiology in living nonhuman primates.
METHODS

Animals and Anesthesia
Twenty-one adult cynomolgus (Macaca fascicularis) monkeys of either sex, weighing 3.0 to 7.4 kg, and ranging in age from 4 to 14 years were studied. Monkeys were determined to be free of ocular abnormalities by slit-lamp biomicroscopic examination prior to any experimental protocol. Monkeys were anesthetized with intramuscular (i.m.) ketamine (10-20 mg/ kg initial; 1-10 mg/kg supplemental) for topical drop administration, IOP, and fluorophotometry experiments. Monkeys were anesthetized with i.m. ketamine (10-20 mg/kg initial) followed by intravenous pentobarbital anesthesia (15 mg/kg initial; 5-10 mg/kg supplemental) for OF studies. Anesthesia was maintained continuously for the duration of the experimental protocols. For all measurements and examinations, monkeys were in a prone position with the eyes pointing straight ahead and maintained approximately 4 to 8 cm above the heart. For all eye drop administration, monkeys were in a supine position with the eyelid held open for drop administration and for 30 seconds after each drop. Drops were administered to the central cornea 1 minute apart for multiple drops at a given time point. All experiments were conducted in accordance with the University of Wisconsin Institutional Animal Care and Use Committee and National Institutes of Health Guidelines, and the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
IOP, Pupil Diameter (PD), and Refraction (Rfx) Baseline IOP was determined by 'minified' Goldmann applanation tonometry using a Haag Streit slit lamp (Haag-Streit AG, Koeniz, Switzerland), PD was measured in room light using vernier calipers (Fisher Science Education Traceable Digital Carbon Fiber Calipers; Fisher Scientific, Waltham, MA), and Rfx was determined using a Hartinger coincidence refractometer (Zeiss, Jena, Germany). 16, 17 All agents were freshly prepared in PBS immediately prior to the first administration. Test agents and vehicles were kept refrigerated between dosings on a given day.
In one set of experiments (n ¼ 8), the nitric oxide donor, SNP (T 1/2 10 minutes at 378C; Sigma-Aldrich, St. Louis, MO) was administered to one eye; PBS vehicle to the contralateral eye. SNP was given as a single topical treatment at baseline (50 lg in 235 lL drops: total dose ¼ 50 lg), or as multiple topical treatments (500 lg in 535 lL drops administered at 0, 1, 2, and 3 hours or at 0, 0.5, 1, 1.5 hours: total dose ¼ 2 mg).
In another experiment (n ¼ 4), the purported longer acting nitric oxide donor, 10 S-nitroso-n-acetyl-DL-penicillamine (SNAP; T 1/2 ¼ 5 hours in aqueous at 378C, Sigma-Aldrich) was given as a single topical treatment (500 lg in 535 lL drops: total dose ¼ 500 lg) to one eye; PBS vehicle to the contralateral eye.
In a separate set of experiments (n ¼ 8), the NOS inhibitor, L-NAME (Sigma-Aldrich) was administered to one eye; PBS vehicle to the contralateral eye. L-NAME was given as multiple topical treatments (500 lg in 235 lL drops administered at 0 and 0.5 hours: total dose ¼ 1 mg).
IOP was measured hourly (every 0.5 hours on some occasions, to determine the time frame of the drug effect) for up to 6 hours. Slit-lamp biomicroscopy (to determine the presence of biomicroscopic cells or flare) was performed at baseline and 3 and 6 hours post treatment.
Mean Arterial Blood Pressure (MAP) and Heart Rate (HR)
MAP values were recorded via a cuff attached to a Cardell Veterinary Monitor Model 9402 (Sharn Veterinary, Inc., Tampa, FL). Values for each time point represent the average of two to four measurements taken with the cuff applied to the arm and/ or leg after IOP was measured. MAP and HR were taken at baseline, 1, 2, 3, 4, 5, and 6 hours.
Aqueous Humor Formation (AHF)
AHF was determined by ocular scanning fluorophotometry (Fluorotron Master; OcuMetrics, Inc., Mountain View, CA) as previously described. 18 The afternoon preceding fluorophotometry, five 2 lL drops of a 5% sodium fluorescein solution were administered 30 seconds apart to the supine animal, beginning 5 minutes after administration of 1 to 2 3 30 lL drop(s) of topical 0.5% proparacaine HCl. This regimen maintained corneal fluorescein concentrations of greater than or equal to 200 ng/mL throughout the measurement period. Baseline fluorophotometry was done at least 1 week prior to treatment with SNP or vehicle. Measurements were done every 30 minutes for 3 hours, beginning 30 minutes after treatment. IOP was measured prior to treatment and again after the last scan at 3 hours post treatment. Baseline fluorophotometry was repeated at 1 to 11 weeks post treatment. Biomicroscopy was performed and IOP was measured at baseline and after the last scan.
Outflow Facility
Total OF was determined by two-level constant pressure perfusion of the anterior chamber. 19 The anterior chambers of both eyes were cannulated with one branched (superiorly) and one nonbranched (inferiorly) 26-gauge needle. One end of the branched needle was attached to an elevated reservoir containing Bárány's perfusand, and the other to a physiologic pressure transducer (Gould & Statham P23 Db Series; Gould, Inc., Oxnard, CA) via polyethylene tubing. The nonbranched needle was attached to clamped polyethylene tubing. Baseline OF was measured for approximately 45 minutes. The tubing from the nonbranched needle was then attached to a variablespeed infusion pump (Harvard Apparatus Model #944; Harvard Apparatus, Millis, MA; or Model #210; KD Scientific, Inc., Hollistan, MA). The anterior chamber contents of one eye were then exchanged over approximately 10 minutes with 2 mL (200 lL/min) of test compound in Bárány's perfusand; the opposite eye with 2 mL Bárány's perfusand only. Reservoirs were closed for 15 minutes and filled with the corresponding solution. Reservoirs were then reopened and OF measured for an additional 60 minutes. In some cases, the anterior chamber contents of one eye (same eye as treated previously) was then exchanged as above with a higher dose; the opposite eye with Bárány's perfusand and OF measured for another 60 minutes.
Data Analysis
Data are mean 6 SEM. IOP, MAP, HR, and pupil data were evaluated by repeated measures ANOVA with post-test TukeyKramer Multiple Comparisons (Instat GraphPad v.3.06; GraphPad Software, Inc., La Jolla, CA). Significance for all data was also determined by the two-tailed paired t-test for differences compared with 0.0 or for ratios compared with 1.0 unless otherwise noted. For ratio analysis of AHF and OF measurements, post treatment values were first compared with their respective baseline values and then the ratio of these ratios was compared between contralateral eyes.
Sample size calculation for paired organs 20 conducted based on the mean and standard error of the current data verifies that at n equals 8 to 10, we have sufficient power to detect a physiologic response greater than or equal to 25% of baseline for a two-sided test and 5% significance.
RESULTS
IOP, PD, Rfx, HR, and MAP
SNP. An IOP dose-response relationship was found following topical treatment with the nitric oxide donor SNP. Sustained IOP lowering was only achieved when the 500 ug dose was administered at 30 minute intervals (Fig. 1D) . Using this regimen, IOP was significantly lowered by 2.5 to 5 mm Hg (10-20%, two-tailed paired t-test, P < 0.01; ANOVA, P < 0.0001) during the interval 2 to 5 hours post treatment compared with the contralateral control eye. SNP did not significantly affect PD or Rfx during any treatment regimen. MAP for all protocols was unaffected or was variably elevated over the 6-hour measurement period. Heart rate trended downward over the 6-hour measurement period for all protocols (Fig. 2) .
SNAP. A single treatment with 500 lg SNAP (535 lL) had no effect on IOP compared with the vehicle control (not shown); therefore, no further testing was carried out with this compound.
L-NAME. The NOS inhibitor L-NAME did not significantly affect IOP compared with the contralateral control eye, although IOP was slightly, but significantly, reduced by 1 to 2 mm Hg at different time points in both eyes compared with their respective pretreatment baselines (Fig. 3) . The IOP in untreated monkey eyes can decrease gradually over a 6-hour period under ketamine anesthesia. This is a variable response on a given day even in the same group of monkeys. We have reported this gradual decline on several other occasions. 21 ,22 HR and MAP were unaffected. Rfx and PD were no different between treated and control eyes at any time point.
Aqueous Humor Formation
Topical treatment with 500 lg SNP at 30-minute intervals for four treatments had no effect on AHF during the interval 0.5 to 3 hours post treatment when comparing treated with control eyes after correcting for their respective baselines taken on a separate day (Table 1) . IOP, measured after the last fluorophotometric scan at 3 hours, was significantly reduced in SNPtreated eyes (P < 0.001) compared with contralateral controls. In contralateral control eyes, IOP was unchanged compared with same day baseline.
Outflow Facility
SNP. Baseline OF during the 10 À5 M and 10 À4 M SNP studies was significantly different between treated and control eyes, but was within the normal range for cynomolgus monkeys. 23 OF was not altered following treatment with 10 À5 M or 10 À4 M SNP (n ¼ 9) when comparing treated and contralateral control eyes after correction for baseline. OF was significantly increased by 77% (P < 0.05) in eyes treated with 10 À3 M SNP (n ¼ 8) compared with contralateral control eyes before and after correcting for baseline measurements. OF in control eyes did not differ significantly when compared with ipsilateral baseline measurements. All eight of the monkeys used in the 10 À3 M SNP studies were common to the 10 À5 M and 10 À4 M SNP studies (Table 2) .
At the conclusion of the OF measurements, after needle withdrawal, blood was seen in the anterior chambers of both eyes of three of nine monkeys which received the 10 À4 M dose, and in both eyes of all eight monkeys that received the 10 À3 M dose. Subjectively, this is a much higher frequency of occurrence than is typically seen following needle withdrawal at the conclusion of OF measurements with other compounds.
DISCUSSION
One role for nitric oxide in the anterior segment may be to modulate outflow resistance either directly at the level of the trabecular meshwork, Schlemm's canal, and collecting channels, or indirectly through alteration in the tone of the longitudinal ciliary muscle. Nitrovasodilators were shown to relax bovine trabecular meshwork 1 as well as bovine and monkey ciliary muscle 1,2,24 strips precontracted with carbachol in vitro. Small increases in OF are produced by modulation of the nitric oxide system in organ-cultured human anterior segments. 25 Nitric oxide decreases cell volume in the trabecular meshwork and increases OF in porcine eye anterior segments, suggesting that the nitric oxide-induced alterations in cell volume may regulate outflow resistance. 26 IOP and AHF are decreased in isolated pig eyes perfused with nitrovasodilators, 27 suggesting mechanisms independent of ocular vasculature. Systemic administration of L-NAME to rabbits resulted in an increase in MAP, but a dramatic reduction in IOP, possibly due to a reduction in ciliary blood flow sufficient to impair aqueous production. 28, 29 Early studies reported conflicting results of the effects of nitrovasodilators on aqueous humor dynamics in the living primate eye. Nitroglycerin and hydralazine increased OF in monkey eyes by 92% and 28%, respectively, but only after intracameral bolus injection of 10 À3 M. 12 Nitroglycerin may or may not decrease IOP when applied topically to monkey eyes. 12, 13 Topical administration of hydralazine to ocular normotensive humans resulted in an increase in IOP accompanied by conjunctival hyperemia.
14 Intravenous administration of L-arginine lowered IOP in healthy human volunteers and increased nitrite levels in the aqueous humor of rabbits compared with controls, presumably as a result of conversion to nitric oxide by NOS. 30 In a different study, no effect of intravenous L-arginine on IOP in humans was detected. 31 Study ethnicities, design, and analysis may account for some of the differences in findings between these two studies.
Caution is advised in comparing results from different nitric oxide donor compounds delivered via different routes to different species since there may be confounding effects of these compounds other than those resulting from nitric oxide production alone. Some additional mechanisms need to be verified in ocular tissues.
Hydralazine-induced vasodilatation is associated with powerful stimulation of the sympathetic nervous system, which results in increased heart rate and contractility, increased plasma renin activity, and fluid retention; all of these effects counteract the antihypertensive effect of hydralazine. Although most of the sympathetic activity is due to a baroreceptormediated reflex, hydralazine may stimulate the release of norepinephrine from sympathetic nerve terminals and augment myocardial contractility directly. 32 Nitroglycerin is extensively metabolized, yielding dinitrates, mononitrates, nitric oxide, and inorganic nitric oxide. A number of enzymes/proteins have been reported to metabolize nitroglycerin, including glutathione S-transferase, cytochrome P-450, and an uncharacterized vascular microsomal enzyme. Nonproteinous thiols can also react with nitroglycerin to generate nitric oxide or S-nitrosothiol. Nitroglycerin administration can lead to increased vascular oxidative stress resulting in multiple changes in signal transduction and gene regulation. Studies have shown that other nitric oxide donors such as SNP, S-nitrosothiols, and organic nitrites, either do not induce or are less effective in inducing vascular tolerance when compared with organic nitrates. 33 SNP is not without its confounding issues as well. SNP was originally thought to spontaneously release nitric oxide. However, a membrane-bound nicotine adenine dinucleotide oxidoreductase appears to contribute to the release of nitric oxide from nitroprusside, but not nitroglycerin, in calf pulmonary artery. 34 In addition, SNP is reported to degrade to cyanide in vivo and with light exposure. Maximal degradation of SNP under our subdued room light conditions FIGURE 3. L-NAME effects on IOP, MAP, HR. Topical treatment with the NOS inhibitor L-NAME had no effect on IOP in treated compared with vehicle control eyes, although IOP in both eyes were significantly less than baseline at various time points. MAP and HR were also unaffected, although there was a tendency for HR to decrease with time as was seen after SNP in Figure 2 . *Significantly different from baseline prior to the first treatment (BL0), P < 0.05. ANOVA analysis showed no effect of L-NAME on IOP, MAP, or HR. 35 this degradation would not be expected to alter the extent of nitric oxide available for producing the physiologic response. Cyanide production under these circumstances would be expected to be less than 0.01% of the SNP dose. It is possible that cyanide toxicity may have contributed to the increased incidence of hemorrhage into the anterior chamber upon removing the needles from eyes perfused with the highest dose of SNP (10 À3 M). In the current studies, the nitric oxide donor SNP was effective in lowering IOP following repeated topical administration of a high dose at short intervals. Thus far, our data suggest that the mechanism for this IOP lowering response is, at least partly, due to an increase in OF, when a very high dose of 10 À3 M SNP was utilized intracamerally. This intracameral concentration is comparable to what would be expected following topical delivery of 2 mg SNP (43500 lg) assuming 1% corneal penetration 36 and no loss over the 1.5 hours of delivery (30-minute intervals) . This high concentration requirement may be due to a low rate of penetration into the target tissues, or decreased concentration of the drug at the target sites due to the diverse biologic roles of nitric oxide and its short half-life (T 1/2 10 minutes at 378C) in living tissues. 37, 38 As a reference point, in humans with congestive heart failure and life-threatening high blood pressure, the maximum recommended dose for intravenous administration of SNP (see package insert for Nitropress; Hospira, Inc., Lake Forest, IL) is 100 lg/kg delivered over a 10-minute period (for a 70-kg human, this would amount to 7 mg).
Additional support for an effect of nitric oxide on outflow was recently reported. Transgenic mice over expressing endothelial NOS 39 were found to have lower IOP 15 compared with wild-type mice. However, both mean aortic pressure and pulmonary artery pressure are also reduced by 30% in the transgenic mice. 39 In situ, transgenic mice eyes (n ¼ 4) demonstrated increased pressure-dependent drainage compared with wild-type mice. 15 This effect on pressure-dependent drainage was reversed with the NOS inhibitor L-NAME.
Thus, the nitric oxide system may be a signal/transduction arm that mediates response to stressors such as mechanical deformation of the trabecular meshwork caused by stressstrain, shear-stress, and other pressure-related phenomena, or biochemical, hormonal, or metabolic alterations in the surrounding milieu. 40 Enhancement of uveoscleral outflow, may be another component involved in the IOP lowering mechanism, as suggested by our previous studies on ciliary muscle relaxation in vitro, 2 we did not measure the effects of SNP on uveoscleral outflow in living animals, nor did we measure episcleral venous pressure in the current study. It could be beneficial to study the effect of SNP on those parameters in nonhuman primates in the future.
Results from the current study reporting a decrease in IOP in monkeys in response to the nitrovasodilator SNP are in contrast to reports of the opposite effect on IOP in rabbits. 8, 9, 11 These conflicting results may be due to species differences. They also illustrate that the nitric oxide story is complicated and that its actions should be described and interpreted cautiously. Another possible species-related response difference in our study was the lack of an IOP response to topical SNAP in our monkeys (n ¼ 4) as compared with the purported longer acting and greater IOP-lowering response obtained in rabbit studies. 10 Additional studies in monkeys were not carried out with SNAP since the superior IOP-lowering response to SNP was chosen for mechanistic studies.
The NOS inhibitor L-NAME did not have an effect on IOP in the current study in contrast to the reduction in IOP produced by L-NAME in rabbit studies. 9, 28, 29 However, effects of L-NAME may be limited by the amount of NOS in the eye at the time of drug administration, unintended reactions in the eye, and/or the ability of the compound to localize to the regions of the eye with the highest NOS. 2, 6, 9 L-NAME has been shown to be a muscarinic antagonist, which could result in a reduction of ciliary muscle tension on the trabecular meshwork leading to a decrease in OF. 41 In the current studies, we did not detect any changes in PD or Rfx in response to L-NAME treatment that would suggest a muscarinic antagonist effect. Additional studies are warranted before conclusions can be made regarding the effect of NOS inhibition on ocular physiology and the responses to other classes of pharmaceuticals in nonhuman primates.
The nitric oxide system could potentially be targeted to enhance aqueous outflow and lower IOP in glaucoma. Since NOS levels appear to be diminished in glaucomatous eyes, 5, 6 pharmacotherapy would have to bypass this part of the nitric oxide pathway. A nitric oxide-releasing prostaglandin analog was shown to produce a larger IOP reduction compared with latanoprost alone in ocular hypertensive rabbits, dogs, and monkeys. 42 Gene therapy in targeted sites where pharmacologic delivery of nitric oxide donors may not reach sufficient concentrations for therapeutic purposes may be a viable option as well. 43 Endothelial NOS would be a likely candidate. 39 However, caution is advised since manipulating nitric oxide homeostasis could be fraught with potential problems (e.g., elimination of vascular autoregulation). M SNP studies, which were conducted on a separate occasion. All of the monkeys in the 10 À3 M SNP studies were common to the 10 À4 M and 10 À5 M SNP studies. T, treated; C, control. * Significant by the two-tailed paired t-test for ratios compared with 1.0: P < 0.05.
